A new Al-alloy coating method using Al, Ti and Fe powders has been applied to 316SS in order to develop corrosion resistant coating in liquid lead-bismuth eutectic (LBE). The 316SS plates with coating layers of different Al concentrations were exposed to liquid LBE with controlled oxygen concentrations of 10 À6 to 10 À4 mass% at 823 K for 3600 ks. While surface oxidation and grain boundary corrosion accompanied by liquid LBE penetration are observed in 316SS without Al-alloy coating, the Al-alloy coating is effective to protect such severe corrosion attacks in liquid LBE. Although the coating layer containing 2.8 mass% Al does not always keep sufficient corrosion resistance, good corrosion resistance is obtained through the Al-oxide film formed in liquid LBE in the coating layer where the average Al concentration is 4.2 mass%. Cracks are formed in the coating layer containing 17.8 mass% Al during the coating process. The Al-powder-alloy coating applied to 316SS is promising as a corrosion resistant coating method in liquid LBE environment.
Introduction
Liquid lead-bismuth eutectic (LBE) is a candidate material of high power spallation targets and core coolants of accelerator driven systems (ADSs) for transmutation of long-lived radioactive wastes and of coolants of fast critical reactors (FRs). One of difficulties to apply liquid LBE to nuclear systems is its high corrosiveness to structural materials. The study on liquid LBE technologies has been conducted in Russia since the early stage of nuclear reactor development. 1, 2) The recent results of extensive liquid LBE research, which has received significant attention and been performed worldwide, are compiled in OECD/NEA handbook. 3) Corrosion attacks in liquid LBE are generally severe for most steels above 773 K. While corrosion behavior depends on temperature, oxygen concentration in liquid LBE and types of steels, significant corrosion attacks are recognized as excessive oxidation in liquid LBE with high oxygen concentrations, dissolution of elements in steels and penetration of Pb and Bi at high temperatures. It is necessary, in particular, to improve corrosion resistance of steels above 823 K in liquid LBE. 4, 5) For this purpose, it is effective to add elements such as Si and Al, which are expected to form protective oxide films in liquid LBE. A ferritic/martensitic steel containing Si, EP823 was developed in Russia. 2) Development of steels containing Al for liquid LBE use has been also conducted. [6] [7] [8] In Si-containing steels and Alcontaining steels, it is anticipated that these elements also affect mechanical and irradiation properties of the steels. The Si-containing steel, EP823 showed severe embrittlement at irradiation temperatures below 733 K. 9) Furthermore, it is expected that Al concentration in steels exercises a great influence on mechanical properties 7, 8) and irradiation properties because Al strongly stabilizes a ferrite phase in steels. In contrast, coating and surface treatment are promising as the method by which only high corrosion resistance is added to steels with good mechanical and irradiation properties. Several Al-alloy coating methods have been proposed for development of corrosion resistant steels in liquid LBE. [10] [11] [12] [13] [14] The Al-alloy coating by a GESA (Gepulste Elektronenstrahlanlage) treatment 11, 12) using a pulsed electron beam is known worldwide as a method to produce a thin and compact coating layer.
There is a problem that Al element in alloys with high Al concentrations dissolves into liquid LBE. 10, 14) It is essential to control Al concentrations in the coating layer precisely because Al concentrations above a certain level are needed for appearance of corrosion resistance. An adequate Al concentration range in the coating layer was reported to be 8-15 mass% 11) or 4-15 mass%. 12) However, the lower and upper limits of Al concentration in the coating layer should be further investigated on the basis of experimental data. Recently, Suzuki et al. have developed an Al-powder-alloy coating method for pure iron and a carbon steel. 15, 16) It is expected that the method enables us to produce good coating layers with controlled Al concentrations by using eutectic reaction in a ternary Al-Ti-Fe system. The purpose of this study is to investigate applicability of the Al-powder-alloy coating method to nuclear systems. In this study, applicability of the Al-powder-alloy coating method to 316SS is described on the basis of results of the corrosion test in liquid LBE for Al-powder-alloy coated 316SS.
Experimental
2.1 Al-powder-alloy coating Figure 1 shows a schematic illustration of Al-powderalloy coating. Thin sheets were produced from Al, Ti and Fe powders. A laser beam was scanned on the sheet stuck to the substrate using ethanol. Type 316SS was used as a substrate because its mechanical and irradiation properties are meas-ured abundantly and suitable for nuclear reactors. Table 1 shows chemical composition of 316SS substrate. The sheet of 10 mm Â 10 mm was pasted on the substrate of the specimen and a laser beam was scanned on the area of 5 mm Â 5 mm. An Al-alloy layer was coated on the substrate by this treatment. It was found from previous experiments that good coating layers were produced by setting the atomic ratio of Al to Ti at 4 to 1. 15, 16) The Al concentration in sheets was adjusted by dilution with Fe powders. Purity of Al, Ti and Fe powders was 99.9, 99.6 and 99.5 mass%, respectively. Table 2 summarizes Al, Ti and Fe percent in sheet materials used in this study. A YAG laser beam of Nd was scanned on the specimen under Ar gas environment. Pulse energy of the laser beam, voltage, pulse width and the beam size were adjusted to be 0.60-0.86 J, 195-205 V, 4 ms and 0.5 mm, respectively. The scanning rate of the laser beam was 60 mm/min.
Corrosion test in liquid LBE
The corrosion test was performed using Al-alloy coated 316SS specimens in oxygen-controlled LBE. Specimens were rectangular plates with the size of 15 mm Â 30 mm Â 2 mm, and a hole of 7.2 mm diameter for installation. The surface of specimens is polished using emery papers up to #600. Figure 2 shows a schematic diagram of static corrosion apparatus in liquid LBE. The oxygen concentration was measured by use of an oxygen sensor 17) installed in the corrosion apparatus. Yttria-stabilized zirconia (YSZ) as a solid electrolyte and a Pt/air reference electrode were employed in the oxygen sensor. The oxygen concentration was controlled using Ar-H 2 and Ar-H 2 -H 2 O gas flow over liquid LBE during the corrosion test. About 7 kg of fresh LBE was used in the corrosion test. The corrosion test was conducted at 823 K for 3600 ks. Figure 3 depicts variation of outputs (Electromotive force, E) of the oxygen sensor and the oxygen concentration (C O ) in liquid LBE during the corrosion test. Relationship between the electromotive force, E and the oxygen concentration, C O is described in the reference.
17) The oxygen concentration was controlled in the range of 10 À6 $10 À4 mass% for 3600 ks. After the corrosion test, the specimens were cleaned in glycerin at about 453 K to remove adherent LBE on the specimen surfaces and the surfaces were plated with copper to protect corrosion films during polishing. Copper electroplating was conducted using an acid solution (Cu: 90 g, H 2 SO 4 : 15 cm 3 , H 2 O: 475 cm 3 ). The current in the electroplating was adjusted to be 10 mA. Observation and analyses were made using an optical microscope and a field emission scanning electron microscope (FE/SEM) with energy dispersion X-ray equipment (EDX). Figure 4 shows optical micrographs of cross sections of Al-alloy coated specimens before the corrosion test. Arrows indicate Al-coating layers. The thickness of the Al-alloy coating layer is about 100 mm. Figure 4 (a), (b) and (c) depict the coating layer of 316SS coated using sheet material (A), that coated using sheet material (B) and that coated using sheet material (C). Aluminum concentration in each coating layer was measured by the point analysis method using SEM/ EDX described later. The Al concentrations are 2.7 mass% for the coating layer shown in Fig. 4(a) , 4.6 mass% for the coating layer in Fig. 4(b) and 17.5 mass% for the coating layer in Fig. 4(c) , respectively.
Results and Discussion
Optical micrographs of cross sections of specimens after the corrosion test in liquid LBE at 823 K for 3600 ks are summarized in Fig. 5 . As shown in Fig. 5(a) , formation of surface oxides and grain boundary corrosion are found on 316SS specimen without Al-alloy coating. The average Al concentration of each coating layer after the corrosion test was calculated from results of point analyses by SEM/EDX. The average Al concentrations of the coating layer shown in Fig. 5(b) , (c) and (d) were estimated to be 2.8, 4.2 and 17.8 mass%, respectively. It is found that the Al concentration of each coating layer almost does not change before and after the corrosion test. From results in Fig. 5(b)-(d) , it appears that severe corrosion attacks observed for 316SS substrate in liquid LBE are protected by Al-alloy coating layers. Figure 6 depicts element mapping of the cross section of 316SS without Al-alloy coating after the corrosion test in liquid LBE. Formation of the oxide film and penetration of liquid LBE are recognized. The formed oxide has a duplex structure composed of an outer oxide layer of Fe and an inner oxide layer of Fe and Cr. It is well known that the oxide film formed on steels in liquid LBE is composed of an external Fe 3 O 4 layer and an internal Fe-Cr spinel layer. 18, 19) Therefore, the oxide film in Fig. 6 is considered to be composed of Figure 7 shows element mapping for the cross section of the specimen coated using sheet material (A) after the corrosion test in liquid LBE. Enrichment of Al and Ti is observed in the coating layer. In Fig. 7 , penetration of Pb and Bi, and formation of thick surface oxide films are not recognized. The average Al concentration in the coating layer is about 2.8 mass% and the coating layer seems to prevent severe corrosion attacks observed on 316SS without Al-alloy coating at a good few places. However, formation of the node composed of double layer oxide is also found on the coating layer as shown in Fig. 8 . The double layer oxide is composed of an outer Fe-oxide layer and inner oxide layer of Fe, Cr and a small amount of Al. Since this type of node formation was often observed on 316SS and 410SS without Al-alloy coating, 4) it is suggested that the coating layer containing 2.8 mass% Al does not always keep sufficient corrosion resistance in liquid LBE. It was also reported that a multilayer oxide film was formed without a protective alumina film at some places where the Al concentration in the coating layer produced by GESA treatment was below 4 mass%. 12) Our experimental results also indicate that the Al concentration of 2.8 mass% is low to produce an effective corrosion barrier in liquid LBE at 823 K.
The concentration profiles of Al, Ti, Cr and Ni of Al-alloy coated 316SS using sheet material (B) after the corrosion test are demonstrated in Fig. 9 . The concentrations of Al, Ti, Cr, Ni and Fe were measured by point analyses using SEM/ EDX. The Al concentration is 5 to 6 mass% in the coating layer and fluctuation of the Al concentration is small in a range of depth of the coating layer. The concentrations of Ti, Cr and Ni in the coating layer are 2 to 4 mass%, about 12 mass% and about 8 mass%, respectively. Elements of Cr and Ni, which diffused from 316SS substrate during the coating process, are found in the coating layer. Titanium dissolved in the coating layer does not have bad influence on corrosion resistance improved by Al. The oxide containing Fe and Cr is not observed in Fig. 9 . This point is different from results in Fig. 5(a), Fig. 6 and Fig. 8 . Furthermore, penetration of liquid LBE was not found in the coating layer using sheet material (B).
It was reported that Al in the surface layer with high Al concentrations dissolved into liquid LBE. 10, 14) In the surface layer produced by the melt dipping method, severe dissolution of Al, formation of a reaction layer and penetration of liquid LBE were observed.
14) The Al concentration was about 50 mass% in the specimen attacked severely in liquid LBE. Decrease in Al concentration in the surface layer made decrease in solution rate of Al and formation of the stable oxide layer containing Al. 10) The stable alumina layer exhibited good corrosion resistance in liquid LBE. 10, 12) Therefore, the key point of development of corrosion resistant material in liquid LBE is to produce the Al-alloy coating on which the oxide film containing Al is formed in liquid LBE. Figure 10 shows the line analysis of the cross section of 316SS coated using sheet material (B) after the corrosion test in liquid LBE at 823 K for 3600 ks. The thin protective film from 100 to 500 nm thickness is formed on the surface of the Al-alloy coating layer. Peaks of O and Al are found on the protective film. Results of point analyses using SEM/EDX for the film are shown in Fig. 11 . The thin film is composed of an oxide containing Al and plays a role of an effective corrosion barrier. Since the Al concentration in the coating layer almost does not change before and after the corrosion test as mentioned earlier, dissolution of Al into liquid LBE does not occur. The coating layer using sheet material (B) has high corrosion resistance in liquid LBE. Figure 12 depicts element mapping for the cross section of the specimen coated using sheet material (C) after the corrosion test in liquid LBE. The average Al concentration in the coating layer is 17.8 mass%. Since the Al concentration in the coating layer produced using sheet material (C) is 17.5 mass% before the corrosion test, it can be said that Al in the coating layer does not dissolve into liquid LBE during the corrosion test. While a crack is found in Fig. 12 , the crack is formed during the coating process as shown in Fig. 4(C) . Intrusion of liquid LBE into the cracks is not observed. At the crack tip, outer Fe 3 O 4 and inner Fe-Cr spinel are found. It was also reported that intrusion of liquid LBE into cracks in the Al-alloy coating layer produced by GESA treatment was not found.
11) It is considered that liquid LBE is hard to Applicability of Al-Powder-Alloy Coating to Corrosion Barriers of 316SS in Liquid Lead-Bismuth Eutecticpenetrate into small cracks produced in the Al-alloy coating layer due to low wettability of liquid LBE to thin Alcontaining oxide films formed on crack surfaces. Small cracks produced in the Al-alloy coating layer may have a little effect on corrosion behavior in liquid LBE. As shown again in Fig. 13 , the corrosion film formed on the coating layer of 316SS coated using sheet material (C) is an oxide containing Al. This very thin Al-containing oxide film is a barrier for diffusion of Pb, Bi, O and Fe. Among Al-alloy coated specimens tested in the present study, the coating layer containing 2.8 mass% Al does not always keep sufficient corrosion resistance and the coating layer containing 17.8 mass% Al includes cracks produced during the coating process. Good corrosion resistance is obtained in the coating layer where the Al concentration is 4.2 mass%. It is estimated that the range of the adequate Al concentration in the coating layer is from 4 mass% to a level above which significant cracks are produced in the coating process.
Conclusions
The Al-alloy coating method using Al, Ti and Fe powders was applied to 316SS. Three kinds of coating specimens with different Al concentrations were exposed to oxygen-controlled LBE in the range of 10 À6 to 10 À4 mass% at 823 K for 3600 ks. Main results obtained in this study are summarized as follows:
( (mass%) Fig. 13 SEM image and results of point analyses for the corrosion film on the coating layer of 316SS coated using sheet material (C) after the corrosion test in liquid LBE at 823 K for 3600 ks.
